1. Introduction {#sec1}
===============

*Antrodia cinnamomea*, a Taiwan-specific mushroom, has been reported to have numerous biological activities including hepatoprotection, anti-inflammation,[@bib1] antihepatitis C virus activity,[@bib2] and anticancer activity.[@bib3] Liver cancer ranks fourth in cancer-related mortality around the world (WHO 2008) and is the second leading cause of cancer deaths in Taiwan. Twenty years ago, the major cause of liver cancer in Taiwan was hepatitis virus infection, such as hepatitis B virus (HBV) infection.[@bib4] The incidence of HBV infection is very low now, mostly due to the HBV vaccine policy of Taiwan government. However, the mortality of liver cancer is still high, which may be due to social culture and unhealthy living habits such as drugs abuse, drinking, and overworking. There are three common types of cell death: apoptosis, autophagy, and necrosis. Apoptosis, also called type I programmed cell death, involves DNA fragmentation, caspase induction, and phosphatidylserine translocation from the inner side of the cell membrane to its outer side[@bib5]; autophagy, also recognized as type II programmed cell death, forms autophagosome as the major phenomenon[@bib6]; and necrosis would cause inflammation and disrupt organelles.[@bib7] There is no study on the determination of major mechanism of antcin K-induced cell death in human liver cancer cells.

Proteins must go through a series of post-translational modifications and be fully folded in order to be transported from the endoplasmic reticulum (ER). Proteins with incomplete or incorrect folding will remain in the ER or be degraded by the proteasome in the cytoplasm. Many physiological and pathological circumstances such as hypoxia, oxidative damage, deficiency in ER calcium ion, and viral infection may cause disorders of protein folding in the ER, in which proteins with incomplete folding will accumulate on the ER surface and cause ER stress. In order to resist ER stress, cells will start a series of reactions to adapt to the circumstance and regulate the ER stress, which include promotion of protein degradation, inhibition of protein translation, and activation of relevant genes. However, if the ER stress persists, apoptosis or autophagy would be induced, which will eventually lead to cell death.

ER stress can induce unfolded protein response and calcium signals. The unfolded protein response is primarily a survival response, acting to resolve dysregulation of protein-folding pathways. If the normal luminal environment cannot be restored, the response to ER stress would be switched from survival to apoptosis. PERK, IRE1, and ATF-6 are all involved in the induction of proapoptotic as well as prosurvival pathways.[@bib8] Both PERK and ATF-6 induce expression of the transcription factor C/EBP homologous protein (CHOP), which in turn leads to reduced expression of B-cell lymphoma 2 (Bcl-xL) and increased expression of a number of proapoptotic proteins, including BH3-only protein BIM and its downstream protein B-cell lymphoma---extra-large (Bax)/Bak.[@bib9], [@bib10], [@bib11] Furthermore, Bcl-2 family proteins at the ER also regulate apoptosis through both direct modulation of signaling pathways leading to caspase activation and modulation of Ca^2+^ signaling of ER.[@bib12], [@bib13] Calcium is a common metal ion, which plays a dominant role in cell death signaling transduction. It has been reported that the concentration of calcium ion can regulate the stability of organelles such as mitochondria and ER.[@bib14] Here, we will demonstrate how antcin K modulates cell death through the change of calcium distribution in human liver cancer cells.

Mitochondria is the organelle with its own DNA in matriclinous. It plays a very important role in cell death. In some cancer therapy, it would induce reactive oxygen species (ROS) production, and the ROS may attack some organelles such as mitochondria. Next, the permeability transition pore of mitochondria would be opened by ROS or other stimulation, and then by some proapoptotic protein Bax/Bak overexpression, which could release cytochrome *c* into the cytoplasm. Finally, cytochrome *c* would increase the cleavage caspase-9 protein expression, which triggers caspase-3 activation. There are other caspase-independent death pathways in mitochondria, such as HtrA~2~/Omi, endonuclease G (Endo G), and apoptotic-induced factor (AIF) released from mitochondria.[@bib15], [@bib16]

2. Materials and methods {#sec2}
========================

2.1. Chemicals and reagents {#sec2.1}
---------------------------

Basswood cultivated *A. cinnamomea* (BCRC930103) mycelial powder was supplied by PO-ZO Co., Ltd (Taipei, Taiwan).

Ethyl acetate (EA) was added to 500 g dry power of *A. cinnamomea* to a total volume of 4 L and stirred for 3 days. The extract was decanted, and the solvent was removed using a rotary evaporator at 50°C three times for each sample. A silica gel column was used to fractionate the extracted sample. The column was consecutively eluted with 10%, 15%, 20%, 30%, 50%, 70%, and 100% EA/hexane. The fraction with 100% EA/hexane contained the highest amount of antcin K. It was further purified by high-performance liquid chromatography to obtain antcin K with \>90% purity ([Fig. 1](#fig1){ref-type="fig"}A).

Alexa Fluor 488 antirabbit IgG antibody, antibiotic--antimycotic, 2,7-dihydrodichlorofluorescein diacetate, Dulbecco\'s modified Eagle\'s medium, fetal bovine serum, fluo-3-acetoxymethyl ester, nonessential amino acids, Rhod-2-acetoxymethyl ester, and 3,3′-dihexyloxacarbocyanine iodide were purchased from Invitrogen (Carlsbad, CA, USA). Anti-β-actin antibody, anti-AIF antibody, anti-Bcl-xL antibody, anti-Bax antibody, anti-Bak (D4E4) rabbit mAb antibody, anti-caspase-9 antibody, anticleaved caspase-3 rabbit mAb (Asp175)(5A1E) antibody, anti-CHOP (L63F7) mouse mAb antibody, anti-cytochrome *c* antibody, anti-Endo G antibody, anti-HtrA~2~/omi antibody, anti-PARP antibody, antirabbit IgG HRP-linked antibody, and antimouse IgG HRP-linked antibody were obtained from Cell Signaling Technology (Beverly, MA, USA). Caspase-3 assay kit and annexin V-FITC apoptosis detection kit were purchased from BD Biosciences (San Jose, CA, USA). Anti-LC3B antibody was purchased from GeneTex (Irvine, CA, USA). Adenosine diphosphate/adenosine triphosphate (ADP/ATP) ratio assay kit and lactate dehydrogenase (LDH) cytotoxicity assay kit were purchased from BioChain Institute (Hayward, CA, USA). All other chemicals were of analytical or reagent grade and obtained from Sigma-Aldrich (St Louis, MO, USA).

2.2. Cell culture and treatment {#sec2.2}
-------------------------------

Human hepatoma Hep 3B cell line was a kind gift from Professor Ming-Shi Shiao (Medical Research and Education Department, Taipei Veterans General Hospital, Taipei, Taiwan). Hep 3B cells were cultured in Dulbecco\'s Modified Eagle\'s Medium supplemented with 10% fetal bovine serum, 1.5 g/L sodium bicarbonate, 1% nonessential amino acids, and 1% antibiotic--antimycotic at 37°C, 5% CO~2~, and 90% relative humidity. Antcin K was diluted in dimethyl sulfoxide (DMSO) prior to being added to cultures. Negative control cultures were treated with 0.2% DMSO.

2.3. MTT assay {#sec2.3}
--------------

Liver cancer cells at a concentration of 5 × 10^3^ cells/well were seeded in 96-well plates and incubated for 24 hours, followed by treatment with 0μM (0.3% DMSO), 80μM, 100μM, and 125μM antcin K and incubated further for 24 hours and 48 hours. At the end of the stipulated period, 100 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) solution (0.5 mg/mL) was added, and the cells were incubated at 37°C for 4 hours. The resulting MTT formazan was dissolved in 100 μL DMSO and the absorbance recorded at 570 nm using a PowerWave HT microplate spectrophotometer (Bio-Tek, Winooski, VT, USA).[@bib17]

2.4. LDH leakage assay {#sec2.4}
----------------------

Hep3B cells (1 × 10^4^ cells/well) were seeded in 96-well plates for 24 hours, followed by treatment with 200 μL medium containing 0μM, 80μM, 100μM, and 125μM antcin K and lysis solution (as a positive control), and incubated for another 48 hours. The plates were then centrifuged at 250*g* for 10 minutes, and 100 μL of supernatant was transferred to corresponding cells of a new 96-well plate. Following this, 45 μL of assay mixture containing lactate, nicotinamide adenine dinucleotide, iodonitrotetrazolium, and diaphorase was added to each well, protected from light, and incubated for 60 minutes. The absorbance was recorded at 490 nm using a Bio-Tek PowerWave HT microplate spectrophotometer.[@bib18]

2.5. Immunofluorescence {#sec2.5}
-----------------------

The cells (1.75 × 10^4^ cells/well) were seeded in a four-well plate for 24 hours. For the 4,6-diamidini-2-phenylindole (DAPI) staining, after 24 hours of incubation, the cells were treated with 350 μL medium containing 0μM, 80μM, 100μM, and 125μM antcin K for 24 hours. After 24 hours of treating, the cells were washed and fixed by 4% paraformaldehyde for 30 minutes, and then washed twice. After washing, the cells were blocked for 1 hour by 5% bovine serum albumin and 0.1% Triton X-100. Then the cells were stained by DAPI for 15 minutes and protected from light. After washing, the slides were mounted and examined under fluorescence microscopy (Olympus IX51; Olympus, Tokyo, Japan). For the mitochondria calcium staining, after 24 hours of incubation, the cells were treated with 350 μL medium containing 0μM, 80μM, 100μM, and 125μM antcin K for 30 minutes. After 30 minutes of treatment, the cells were incubated with 350 μL medium containing 5μM Rhod-2-acetoxymethyl ester for 1 hour and protected from light. After washing, the cells were incubated with 5% bovine serum albumin at 37°C for 30 minutes. The slides were mounted and examined under a Leica TCS SP5 II confocal fluorescence microscope (Leica, Solms, Germany).[@bib19]

2.6. Bioluminescence {#sec2.6}
--------------------

The cells (5 × 10^3^ cells/well) were seeded in 96-well plates for 24 hours. After 24 hours of incubation, the cells were treated with 100 μL medium containing 0μM, 80μM, 100μM, and 125μM antcin K for 24 hours. After 24 hours of treatment, 90 μL lysis solution, which contains luciferin and luciferase, was added to each well and incubated for 10 minutes. The luminescence was integrated for 5 seconds using a Beckman Coulter DTX-880 microplate reader (Beckman Coulter, Brea, CA, USA).[@bib20]

2.7. Flow cytometry {#sec2.7}
-------------------

The cells (3 × 10^5^ cells/dish) were seeded in 6 cm^2^ dishes for 24 h hours. After 24 hours of incubation, the cells were treated with 6 mL medium containing 0μM, 80μM, 100μM, and 125μM antcin K for 30 minutes to detect Ca^2+^, 24 hours to detect ROS, 48 hours to detect autophagosome, 48 hours to determine mitochondrial membrane potential, and 24 hours to determine the percentage of cells undergoing apoptosis, using an annexin V-FITC/propidium iodide (PI) assay kit (BD Biosciences). At the end of the stipulated period, the cells were harvested and washed. For the detection of Ca^2+^, ROS, and mitochondrial membrane potential, the cells were separately stained by 4μM fluo-3-acetoxymethyl ester, 5μM dihydrodichlorofluorescein diacetate, and 4μM 3,3′-dihexyloxacarbocyanine iodide at 37°C for 30 minutes. For the detection of autophagosome, the cells were permeabilized with 0.25 mg/mL digitonin for 5 minutes. Following this, the cells were washed twice, pelleted by centrifugation at 1000*g*, and incubated with anti-LC3-II antibody (1:2000) for 30 minutes. After two washes, the cells were stained by Alexa Fluor 488 anti-rabbit IgG antibody (1:500) for 1 hours and protected from light. All these cells were washed and filtered prior to being analyzed by a Becton-Dickinson FACScan flow cytometer (Becton-Dickinson, Hercules, CA, USA). A total of 10,000 cells per sample were collected, and the mean fluorescence intensity and percentage of mitochondrial membrane potential detected by FL1-H (530 ± 15 nm) were analyzed using WinMDI 2.8 software. For the detection of the percentage of apoptosis cells, the cells were resuspended in binding buffer \[10 mmol/L HEPES/NaOH (pH 7.4), 140 mmol/L NaCl, 2.5 mmol/L CaCl~2~\] and stained with annexin V-FITC and PI at room temperature for 15 minutes in the dark. Cells were washed and filtered prior to being analyzed by a Beckman Coulter FC500 flow cytometer (Beckman Coulter, Pembroke Pines, FL, USA). A total of 10,000 cells per sample were collected, and the apoptotic cells were defined as annexin V-FITC-positive and PI-negative cells.[@bib19], [@bib21], [@bib22]

2.8. Electrophoresis {#sec2.8}
--------------------

For western blotting, the cells (5 × 10^5^ cells/10 mL/dish) were seeded in 10 cm^2^ dishes for 24 hours. After 24 hours of incubation, the cells were treated with 10 mL medium containing 0μM, 80μM, 100μM, and 125μM antcin K for 48 hours. After 48 hours of treating, total cell extracts were prepared in protein extraction solution, which contained 1mM phenylmethanesulfonylfluoride, 1mM EDTA, 1μM pepstatin A, 1μM leupeptin, and 0.1μM aprotinin. The cell lysates were sonicated and cleared by centrifugation, and the protein concentration in the lysates was measured by Lowry\'s method.[@bib23] Protein (50 μg) was loaded over 8% sodium dodecyl sulfate--polyacrylamide gel electrophoresis gels, transferred to polyvinylidene fluoride membranes, blotted with specific primary antibodies, and then labeled by horseradish peroxidase-conjugated secondary antibody according to the manufacturer\'s instructions. The membranes were performed using the enhanced chemiluminescence and the EC3 300 Corning UVP biospectrum AC system (Corning, NY, USA), and the relative density of each band after normalization for β-actin was analyzed using Image J 1.45 software.[@bib24] For the comet assay, the cells (5 × 10^5^ cells/10 mL/dish) were seeded in 6 cm^2^ dishes for 24 hours. After 24 hours of incubation, the cells were treated with 6 mL medium containing 0μM, 80μM, 100μM, and 125μM antcin K for 24 hours. After 24 hours of treatment, cells were examined for DNA damage using the comet assay described previously.[@bib25]

2.9. Statistical analysis {#sec2.9}
-------------------------

All results are reported as mean ± standard deviation (SD), and the differences between the antcin K-treated group and the control group were analyzed by one-way analysis of variance (ANOVA) and Duncan\'s multiple comparison tests (SAS Institute Inc., Cary, NC, USA) to determine significant differences among treatments (*p* \< 0.05).

3. Results {#sec3}
==========

3.1. Cell proliferation inhibitory effect of antcin K in Hep 3B cells {#sec3.1}
---------------------------------------------------------------------

After treating Hep 3B cells with 0μM, 80μM, 100μM, and 125μM antcin K for 24 hours or 48 hours, cell viability was analyzed by MTT assay. [Fig. 1](#fig1){ref-type="fig"}B shows that after being treated with 80μM, 100μM, and 125μM antcin K for 24 hours, compared to the negative control (0.2% DMSO, cell survival rate set at 100%), the cell survival rates were 85.7 ± 5.0%, 63.8 ± 5.8%, and 53.8 ± 5.3%, respectively; after 48 hours of treatment, cell survival rates decreased to 76.7 ± 2.1%, 65.0 ± 8.6%, and 46.0 ± 4.2%, respectively. In addition, the maximal half inhibitory concentration for 48-hour treatment was 119.3μM.

3.2. Antcin K could not induce autophagy or necrosis in Hep 3B cells {#sec3.2}
--------------------------------------------------------------------

After treating Hep 3B cells with 0μM, 80μM, 100μM, and 125μM antcin K, for 48 hours, the autophagosome formation was analyzed by flow cytometry. [Fig. 1](#fig1){ref-type="fig"}C shows that after being treated with 80μM, 100μM, and 125μM antcin K, the LC3-II contents were significantly decreased, and not increased. After treating Hep 3B cells with 0μM, 80μM, 100μM, and 125μM antcin K and lysis solution for 48 hours, the degree of cell membrane damage was analyzed by LDH leakage assay. [Fig. 1](#fig1){ref-type="fig"}D shows that after being treated with 80μM, 100μM, and 125μM antcin K for 48 hours, compared with the positive control (lysis solution, lactate dehydrogenase leakage rate set at 100%) and negative control (0.2% DMSO, lactate dehydrogenase leakage rate set at 0%), the lactate dehydrogenase leakage rates were 8.56 ± 5.24%, 1.46 ± 7.85%, and 7.21 ± 7.48%, respectively, which were all low.

3.3. Effects of antcin K on induction of apoptosis in Hep 3B cells were determined by DAPI staining {#sec3.3}
---------------------------------------------------------------------------------------------------

We assessed the effect of antcin K on the induction of DNA aggregation in Hep 3B cells by DAPI staining. The immunofluorescence at 24 hours showed that 80μM, 100μM, and 125μM antcin K treatment resulted in the formation of chromatin condensation in Hep 3B cells. The nuclei of control cells were round and dim, whereas those became condensed and bright after antcin K treatment ([Fig. 2](#fig2){ref-type="fig"}A).

3.4. Antcin K-induced DNA damage in Hep 3B cells {#sec3.4}
------------------------------------------------

The comet assay showed that antcin K induced DNA damage in Hep 3B cells. Higher concentrations of antcin K led to a longer DNA migration smear (comet tail) ([Fig. 2](#fig2){ref-type="fig"}B), indicating that damage to DNA in the cells was more.

3.5. Effects of antcin K on induction of apoptosis in Hep 3B cells were determined by annexin V-FITC/PI assay {#sec3.5}
-------------------------------------------------------------------------------------------------------------

A quantitative evaluation was sought using annexin V-FITC dye to detect the translocation of phosphatidylserine from the inner (cytoplasmic) leaflet of the plasma membrane to the outer side (cell surface). Compared with negative control cells, 80μM, 100μM, and 125μM antcin K induced, respectively, 11.25 ± 0.51%, 33.28 ± 4.67%, and 39.87 ± 3.83% of apoptotic cells in Hep 3B cells in 24 hours ([Fig. 3](#fig3){ref-type="fig"}A).

3.6. Antcin K promoted ROS generation and ATP depletion in Hep 3B cells {#sec3.6}
-----------------------------------------------------------------------

After treating Hep 3B cells with 0μM, 80μM, 100μM, and 125μM antcin K for 24 hours, ROS generation was analyzed by flow cytometry; in addition, after treating Hep 3B cells with the same concentrations of antcin K for 48 hours, the ADP/ATP ratio was analyzed with bioluminescence. [Fig. 3](#fig3){ref-type="fig"}B shows that as the antcin K dose increased, ROS generation in cells increased significantly (the maximum value being 1.49 times greater than the minimum) and had a dose-dependent effect. [Fig. 3](#fig3){ref-type="fig"}D shows that as the antcin K dose increased, the ADP/ATP ratio in cells increased significantly. The ADP/ATP ratios were 0.9 ± 0.9%, 5.9 ± 1.5%, 14.7 ± 2.8%, and 16.1 ± 2.0%, respectively, for 0μM, 80μM, 100μM, and 125μM antcin K treatment.

3.7. Antcin K induced Ca^2+^ flux from cytoplasm to mitochondria {#sec3.7}
----------------------------------------------------------------

Using fluo-3-acetoxymethyl ester, a cell-permeable Ca^2+^ indicator, we assessed the effect of antcin K treatment on cytosolic Ca^2+^. The level of cytosolic Ca^2+^ induced significantly by 100μM and 125μM antcin K at 30 minutes. In addition, treatment with 125μM antcin K similarly induced a 1.74-fold increase in Ca^2+^ level ([Fig. 2](#fig2){ref-type="fig"}C). Mitochondrial free calcium levels were quantitated in cells that were still viable with the cell-permeability acetoxymethyl ester of the fluorescent marker Rhod-2. Using Rhod-2-acetoxymethyl ester, a selective indicator for mitochondrial Ca^2+^, the distribution of calcium in 0μM and 125μM antcin K-treated Hep 3B cells was revealed by confocal immunofluorescence microscopy ([Fig. 2](#fig2){ref-type="fig"}D).

3.8. Antcin K promoted mitochondrial depolarization in Hep 3B cells {#sec3.8}
-------------------------------------------------------------------

Hep 3B cells were treated with 0μM, 80μM, 100μM, and 125μM antcin K for 48 hours, after which the mitochondrial membrane potential was analyzed and quantified by flow cytometry. [Fig. 3](#fig3){ref-type="fig"}C shows that as the antcin K dose increased, the mitochondrial membrane potential in cells decreased significantly (the maximum potential being 0.34 times greater than the minimum) and had a dose-dependent effect.

3.9. Effect of antcin K on the expression of mitochondria and ER stress-mediated apoptosis-related protein {#sec3.9}
----------------------------------------------------------------------------------------------------------

After treating Hep 3B cells with 0μM, 80μM, 100μM, and 125μM antcin K for 48 hours, unfolded protein response-related protein expression was analyzed by western blotting. [Fig. 4](#fig4){ref-type="fig"}A shows that as the concentration of antcin K increased, the CHOP expressions increased in dose-dependent manners, compared with the negative control (0.2% DMSO). As Bcl-2 family proteins play an important regulatory role in calcium flux and mitochondrial apoptosis, we next studied the effect of antcin K on the protein expressions of Bcl-xL, Bax, and Bak in Hep 3B cells. The results showed that the Bcl-xL expressions were decreased in dose-dependent manners and the protein expressions of Bax and Bak were increased in dose-dependent manners compared with the negative control, after treatment with various concentrations of antcin K in 48 hours.

3.10. Effect of antcin K on the expression of caspase-dependent and caspase-independent apoptosis-related proteins {#sec3.10}
------------------------------------------------------------------------------------------------------------------

After treating Hep 3B cells with 0μM, 80μM, 100μM, and 125μM antcin K for 48 hours, caspase-independent and caspase-dependent apoptosis-related protein expression was analyzed by western blotting. [Fig. 4](#fig4){ref-type="fig"}B shows that antcin K significantly increased the protein expression of cytochrome *c* in a dose-dependent manner, and the protein expressions of cleaved caspase-9, PARP, and caspase-3 were also increased. In addition, [Fig. 4](#fig4){ref-type="fig"}C shows that antcin K truly increased the caspase-independent apoptosis-related protein expressions of AIF, HtrA~2~, and Endo G at 48 hours in Hep 3B cells.

4. Discussion {#sec4}
=============

Currently known active ingredients of *A. cinnamomea* include polysaccharides, benzenoids, triterpenoids, and steroids.[@bib26] Among them, triterpenoids have received more attention due to their potent anticancer effects.[@bib27] Out of three artificial cultivation methods for *A. cinnamomea*, basswood cultivation is most valuable and yields the highest content of triterpenoids, followed by solid culture, and liquid fermentation material, which is almost free of triterpenoids. Antcin K is a triterpenoid from fruiting bodies of basswood cultivated *A. cinnamomea* and accounts for 0.5% of *A. cinnamomea*.[@bib28] Furthermore, it has previously been reported that antcin K can inhibit ROS generation in human neutrophils to attain anti-inflammatory effects[@bib29] and inhibit Na^+^/K^+^-ATPase.[@bib30] Our current study demonstrated that antcin K inhibited the proliferation of human liver cancer cells. Treatment of Hep 3B cells with antcin K caused the cells to undergo apoptotic cell death through the mitochondrial and ER stress signaling pathway.

ER and mitochondria interact both physiologically and functionally, and one of the most critical aspects of this interaction is calcium signaling between the two organelles.[@bib31] As evident from ROS production and the results of ATP level analysis ([Fig. 3](#fig3){ref-type="fig"}B and D), antcin K can increase ROS generation in human hepatoma Hep 3B cells and also reduce the ATP level of the cells, suggesting that ER may be damaged by oxidation and in a hypoxic state.[@bib32] Shown by the results of the western blotting ([Fig. 4](#fig4){ref-type="fig"}A), when ER stress was induced, the protein expression of CHOP increased, downregulated Bcl-xL, and activated Bax/Bak channel to promote intracellular calcium ion release from the ER then transfer into the mitochondria. We studied the interaction of ER and the mitochondrial pathway in our ongoing efforts to determine the apoptotic mechanism of antcin K against Hep 3B cells. Apoptosis occurs upon the perturbation of cellular Ca^2+^ homeostasis, such as cytosolic Ca^2+^ overload, ER Ca^2+^ depletion, and mitochondrial Ca^2+^ increase.[@bib33], [@bib34] Ca^2+^ overload can induce mitochondrial depolarization and, subsequently, the release of apoptosis-inducing factors (such as cytochrome *c*), which leads to the sequential activation of caspase-9 and caspase-3.[@bib35], [@bib36] As evident from the results of the calcium ion signal analysis ([Fig. 2](#fig2){ref-type="fig"}C and D), mitochondrial calcium ion signals were increased obviously after antcin K treatment; antcin K might cause release of calcium ions from the ER into the cytoplasm, leading to the mitochondrial uptake of these ions. In addition, as shown by the results of the mitochondrial membrane potential ([Fig. 3](#fig3){ref-type="fig"}C), antcin K can affect the cytosolic Ca^2+^ homeostasis and induce mitochondrial depolarization. As shown by the results of the western blotting ([Fig. 4](#fig4){ref-type="fig"}B and C), caspase-independent and caspase-dependent apoptosis-related proteins were released, including HtrA~2~, AIF, Endo G, and cytochrome *c*; cytochrome *c* activated caspase-9 and caspase-3, and cut downstream protein PARP, ultimately leading to cell apoptosis.

Su et al[@bib37] have shown that eburicoic acid, a triterpenoid from *A. cinnamomea,* induced autophagy in human hepatoma Hep 3B cells of the ER stress pathway and increased the calcium ion concentration as well as the protein expressions of Bcl-2 and Beclin-1. This study reported that antcin K could cause ER stress in Hep 3B cells and also increase calcium ion concentration in the cytoplasm, which were consistent with the findings of the previous studies conducted in our laboratory. However, the most interesting issue is that antcin K could not induce autophagy in Hep 3B cells; instead, it caused apoptosis, decreased the protein expression of Bcl-xL, and changed mitochondrial membrane potential. Why did eburicoic acid induce autophagy whereas antcin K cause apoptosis in Hep 3B cells, although both these active components (eburicoic acid and antcin K) were from *A. cinnamomea*? The reason for different cell death modes may be the different protein expressions of Bcl-2 and Bcl-xL.[@bib38] Persisting ER pressure will cause apoptosis or autophagy, and eventually lead to cell death; the cell death mode, on the other hand, depends on factors such as cell types, growth conditions, and drug structures. After comparing the protein expressions of apoptosis and autophagy, we observed that apoptosis would inhibit Bcl-2 and Bcl-xL, while autophagy could activate Bcl-2 and Bcl-xL, which happened to be opposite effects.[@bib39] Previous studies revealed that Bcl-2 and Bcl-xL exert two separate functions, depending on their subcellular localization. On the one hand, they induce apoptosis by (directly or indirectly) changing mitochondrial membrane potential. On the other hand, they can activate autophagy by liberating Beclin-1 from its inhibition by Bcl-2 or Bcl-xL, allowing it to activate the lipid kinase activity of VPS34 at the level of the ER.[@bib40] However, the cell death mechanism of triterpenoids from *A. cinnamomea* was not the same. It may be caused by the different chemical structures, cell lines, environments, bioactivities, and bioavailabilities; even some pure components had the effect of coordination. Although we have limited references to clarify the cell death mechanism of the triterpenoids from *A. cinnamomea*, future studies will certainly reveal the anticancer mechanism of *A. cinnamomea*.

Several studies have demonstrated that *A. cinnamomea* has a good inhibitory effect on cancer.[@bib3], [@bib41], [@bib42] This study is the first of its kind to show that antcin K has an antiproliferative effect in liver cancer cells. A summary of our results is given in [Fig. 5](#fig5){ref-type="fig"}. Antcin K treatment induced Hep 3B cell death via promotion of intracellular ROS generation and ATP depletion, leading to ER stress. Moreover, the detail mechanism are followed by antcin K treatment induced ER stress and mitochondria membrane permeability change through the induction of Ca^2+^ release, CHOP and Bax/Bak protein expression but downregulation of Bcl-xL. In addition, it also induced caspase-dependent apoptosis by activating caspase-9 and caspase-3, and caspase-independent apoptosis by inducing protein expressions of AIF, Endo G, and HtrA~2~. In conclusion, antcin K has good inhibitory effects in human hepatoma cells.

5. Conclusion {#sec5}
=============

Summary, antcin K has good inhibitory effects in human hepatoma cells.
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![(A) High-performance chromatogram of the purified compound antcin K (retention time 6.5 minutes). Conditions: column, COSMOSIL 5C18-AR-II RP-C18; flow rate, 1 mL/min; detector, 254 nm; mobile phase, methanol (70%)/water (30%). (B) Effect of antcin K on cell viability in Hep 3B cells. After incubation of the cells with 0μM, 80μM, 100μM, and 125μM antcin K for 24 hours and 48 hours, cell viability was determined by MTT assay. Data are expressed as percentage of negative control (0.2% DMSO) and mean ± SD from one of three independent experiments. (C) Effect of antcin K on the degree of LC3-II fluorescence intensity in Hep3B cells. After incubation of the cells with 0μM, 80μM, 100μM, and 125μM antcin K for 48 hours, the degree of LC3-II fluorescence intensity was analyzed by flow cytometry. (D) Effect of antcin K on degree of cell disruption in Hep 3B cells. After incubation of the cells with 0μM, 80μM, 100μM, and 125μM antcin K and lysis solution for 48 hours, the degree of cell disruption was determined by LDH leakage assay. Data are expressed as percentage between positive control (lysis solution) and negative control (0.2% DMSO) and mean ± SD from one of three independent experiments, and analyzed statistically using one-way ANOVA and Duncan\'s test. Different letters (a--d) represent statistically significant differences among treatments (*p* \< 0.05). ANOVA = analysis of variance; DMSO = dimethyl sulfoxide; LDH = lactate dehydrogenase; SD = standard deviation.](gr1){#fig1}

![(A) Detection of chromatin condensation in Hep 3B cells by DAPI staining. Typical apoptotic changes comprise condensation of chromatin, its presence along the periphery of the nucleus, and segmentation of the nucleus. Cells were treated with 0μM, 80μM, 100μM, and 125μM antcin K for 24 hours. DAPI fluorescence of nuclei was visualized by excitation at 330--385 nm with a 420 nm barrier filter. The experiments were repeated two times with similar results. (B) Detection of DNA damage in Hep 3B cells by comet assay. Cells were treated with 0μM, 80μM, 100μM, and 125μM antcin K for 24 hours. EtBr fluorescence of DNA was visualized by excitation at 510--550 nm with a 590 nm barrier filter. The experiments were repeated two times with similar results. (C) Effect of antcin K on calcium ion mobilization in Hep 3B cells. After incubation of the cells with 0μM, 80μM, 100μM, and 125μM antcin K for 30 minutes, Fluo 3-Ca complex was analyzed by flow cytometry. (D) Effect of antcin K on mitochondrial calcium distribution in Hep 3B cells. After incubation of the cells with 0μM and 125μM antcin K for 30 minutes, mitochondrial calcium distribution was observed by immunofluorescence. The cells were fixed and stained with Rhod-2-AM (red fluorescence). Nuclear DNA in the cells was then counterstained with DAPI (blue fluorescence). The fluorescent images were recorded and superimposed (merged). Data are expressed as mean ± SD from one of three independent experiments and analyzed statistically using one-way ANOVA and Duncan\'s test. Different letters (a--c) represent statistically significant differences among treatments (*p* \< 0.05). ANOVA = analysis of variance; DAPI = 4,6-diamidini-2-phenylindole; MFI = mean fluorescence intensity; Rhod-2-AM = Rhod-2-acetoxymethyl ester; SD = standard deviation.](gr2){#fig2}

![(A) Percentage of apoptotic cell induction by antcin K-treated Hep 3B cells. Cells were exposed to 0μM, 80μM, 100μM, and 125μM antcin K for 24 hours, and the distribution of apoptosis (lower right panel) was assessed by annexin V-FITC/PI assay. Effect of antcin K on ROS generation and ADP/ATP ratio in Hep 3B cells. (B) After incubation of the cells with 0μM, 80μM, 100μM, and 125μM antcin K for 24 hours, the fluorescence intensity of DCFH-DA was analyzed by flow cytometry. (C) Effect of antcin K on the degree of fluorescence intensity of DiOC~6~ in Hep 3B cells. After incubation of the cells with 0μM, 80μM, 100μM, and 125μM antcin K for 48 hours, the mitochondrial membrane potential was analyzed by flow cytometry. (D) After incubation of the cells with 0μM, 80μM, 100μM, and 125μM antcin K for 48 hours, the ADP/ATP ratio was determined by bioluminescence. Data are expressed as mean ± SD from one of three independent experiments and analyzed statistically using one-way ANOVA and Duncan\'s test. Different letters (a--d) represent statistically significant differences among treatments (*p* \< 0.05). ADP/ATP = adenosine diphosphate/adenosine triphosphate; ANOVA = analysis of variance; DCFH-DA = dihydrodichlorofluorescein diacetate; DiOC~6~ = 3,3′-dihexyloxacarbocyanine iodide; MFI = mean fluorescence intensity; PI = propidium iodide; ROS = reactive oxygen species; SD = standard deviation.](gr3){#fig3}

![(A) Effects of antcin K on the expressions of mitochondria and ER stress-mediated apoptosis-related protein in Hep 3B cells. After incubation of the cells with 0μM, 80μM, 100μM, and 125μM antcin K for 48 hours, expressions of mitochondria and ER stress-mediated apoptosis-related protein were assessed by western blotting. The experiments were repeated at least two times with similar results, and β-actin was used as a loading control. Protein levels are expressed as multiples of negative control (0.2% DMSO) by β-actin-normalized densitometry and shown at the bottom of each band. Effects of antcin K on expressions of (B) caspase-dependent and (C) caspase-independent apoptosis-related proteins in Hep 3B cells. After incubation of the cells with 0μM, 80μM, 100μM, and 125μM antcin K for 48 hours, expressions of proteins were assessed by western blotting. The experiments were repeated at least two times with similar results, and β-actin was used as a loading control. Protein levels are expressed as multiples of negative control (0.2% DMSO) by β-actin-normalized densitometry and shown at the bottom of each band. CHOP = C/EBP homologous protein; Bcl-xL = B-cell lymphoma 2; Bax = B-cell lymphoma---extra-large; DMSO = dimethyl sulfoxide; ER = endoplasmic reticulum.](gr4){#fig4}

![Possible cell death mechanism pathway of antcin K in human liver cancer Hep 3B cells. ADP/ATP = adenosine diphosphate/adenosine triphosphate; AIF = apoptotic-induced factor; CHOP = C/EBP homologous protein; Bcl-xL = B-cell lymphoma 2; Bax = B-cell lymphoma---extra-large; Endo-G = endonuclease G; ROS = reactive oxygen species.](gr5){#fig5}
